A fundamental issue in cancer biology is the identification of the target cell in which the causative molecular lesion arises. Acute myeloid leukemia (AML) is thought to reflect the transformation of a primitive stem cell compartment. The resultant 'cancer stem cells' comprise only a minor portion of the leukemic clone but give rise through differentiation to more committed progenitors as well as differentiated blasts that constitute the bulk of the tumor. The maintenance of the leukemic clone is dependent on the self-renewal capacity of the cancer stem cell compartment, which is revealed by its ability to re-initiate leukemia in a transplant setting. The cellular basis of acute promyelocytic leukemia (APL) is however less clear. APL has traditionally been considered to be the most differentiated form of AML and to arise from a committed myeloid progenitor. Here we review apparently conflicting evidence pertaining to the cellular origins of APL and propose that this leukemia may originate in more than one cellular compartment. This view could account for many apparent inconsistencies in the literature to date. An understanding of the nature of the target cell involved in transformation of APL has important implications for biological mechanism and for clinical treatment.
Introduction
Acute promyelocytic leukemia (APL) is one of the commonest subtypes of acute myeloid leukemia (AML) and has been of particular interest given that it is the first disease for which molecularly targeted therapies in the form of all-trans-retinoic acid (ATRA) and arsenic trioxide have been successfully deployed, yielding substantial improvements in clinical outcome (reviewed in Mistry et al 1 and Ohno et al 2 ). Two major subtypes of the disease can be distinguished on morphological grounds, namely hypergranular classical APL and the hypogranular (microgranular) variant form, which are designated as M3 and M3v respectively in the French-American-British (FAB) classification of AML. 3, 4 In the former, the bone marrow is replaced by hypergranular abnormal promyelocytes, including cells containing bundles of Auer rods (faggot cells), which are diagnostic of the disease. Hypergranular APL commonly presents with leukopenia with few abnormal cells in the peripheral blood. This contrasts with the hypogranular form, which is defined by a predominance of less granular blasts with bilobed nuclei, is typified by an elevated presenting leukocyte count and has a higher frequency of activating mutations of FLT3 (reviewed in Mistry et al 1 ) However, despite their morphological differences, both are characterized by chromosomal translocations involving 17q21, leading to rearrangements of the gene encoding RARa, which is a member of the steroid hormone family of transcription factors and which has been implicated in modulating normal myelopoiesis (reviewed in Collins 5 ). To date, five fusion partners of RARa have been identified, namely PML, PLZF, NPM, NuMA and STAT5b (designated X-proteins), associated with t(15;17)(q22;q12-21), t(11;17)(q23;q12-21), t(5;17)(q35;q12-21), t(11;17)(q13;q12-21) and interstitial deletion of 17q respectively (reviewed in Redner 6 ). The vast majority of APL cases are associated with the PML-RARa fusion (495%); PLZF-RARa and NPM-RARa are detected in approximately 1 and 0.5% APL respectively, while NuMA-RARa and STAT5b-RARa have been identified in only a single patient each. 1 In all cases, the RARa moiety of the fusion protein retains the DNA binding domain and carboxy-terminal E-domain which mediates interaction with ligand (retinoic acid (RA)/ATRA) and retinoid-X-receptor (RXR) which is necessary for high-affinity binding at retinoid response elements (RARE). The nature of the fusion partner has an important bearing on disease characteristics, determining the sensitivity to ATRA and arsenic trioxide (reviewed in Mistry et al 1 ). Work from a number of laboratories has revealed that at physiological levels of RA, XRARa proteins bind corepressor/histone deacetylase (HDAC) complexes at significantly higher affinity than wild-type RARa; which leads to repression of retinoid target genes which is likely to play a key role in mediating the differentiation block that characterizes APL (reviewed in Pitha-Rowe et al 7 ). The transcriptional repression of target genes has recently been shown to be further compounded by recruitment of DNA methyltransferases leading to methylation of key promoters. 8 In the presence of pharmacological levels of RA, ligand binding induces a conformational change in the PML-RARa fusion protein accompanied by the release of corepressor/HDAC complex in favor of coactivator binding leading to transcriptional activation of downstream targets. 7 In addition, RA leads to degradation of PML-RARa and release of sequestered RXR, which all together lead to differentiation of the leukemic clone culminating in apoptosis, associated with upregulation of TRAIL. 9, 10 This scenario contrasts with the rarer subtype of APL with the PLZF-RARa fusion in which corepressor/HDAC complexes additionally bind to the amino-terminal PLZF moiety in a retinoid-insensitive fashion, such that this subgroup of APL responds poorly to ATRA as single agent therapy. [11] [12] [13] [14] [15] Thus the molecular basis of APL is relatively well understood. However, the mechanisms by which the t(15;17) arises have not been so extensively explored. Characterization of genomic breakpoints in patients with APL has revealed a complex pattern with microhomologies, deletions and inversions suggesting that the t(15;17) is likely to arise as a result of double-strand DNA breakage followed by nonhomologous end-joining. 16, 17 However, an important issue that remains to be resolved is the nature of the hematopoietic progenitor that is the normal target of the PML-RARa fusion in this disease. In this review, we consider the pertinent experimental evidence to date, particularly with respect to different neoplastic conditions and its implications for the origin of APL.
The case for cancer as a stem cell disease Evidence suggests that cancer is a clonal disease that initiates in a single cell whose progeny make up the tumor. In many instances however, two other aspects relating to the cellular origins of cancer are less well understood. First, the nature of the cell in which the initiating mutation occurred, often referred to as the target cell, is unknown. Second, while it has been appreciated that tumors are functionally heterogeneous at a cellular level, in that only a subpopulation of cells have the capacity to sustain the tumor or re-initiate it in the experimental setting of transplantation, it is not always clear which cells within the population have this capacity.
Two conceptually very distinct models have been proposed to account for this kind of tumor heterogeneity. The stochastic model proposes that all cells within the tumor are equivalent in respect of their potential to re-initiate the clone. In this scheme, heterogeneity is only an apparent property reflecting the fact that the probability of re-initiation by any given cell is significantly less than 1. The alternative view is that re-initiation potential is a fixed property of a distinct subset of cells within the tumor.
This latter model is consistent with a stem cell-based framework for tumors. Thus the target cell may be viewed as a cancer stem cell which clonally gives rise to progeny. The extent to which the progeny, which will most likely constitute the bulk of the tumor, retain the functional properties and morphological characteristics of the target cell depends on the extent to which the target cell retains the capacity to differentiate. This will also determine how easy or not it is to identify the initiating cell itself. An example is provided by chronic myelogenous leukemia (CML), which presents as a predominantly granulocytic disease. However, the BCR-ABL mutation characteristic of this disease does not arise in a granulocyte or exclusively granulocytic-committed progenitor, but rather in a cell that retains both lymphoid and myeloid differentiation capacity and resides at the top of the hematopoietic differentiation hierarchy. 18 The true origins of CML in this cell type are revealed in the observation that the disease may progress to myeloid or lymphoid blast crisis. 19 If tumors follow the rules of a stem cell-based differentiation hierarchy, albeit a somewhat corrupted one, then it follows that self-renewal capacity, of which transplantability is one measure, will be preferentially associated with cells at the top rather than the bottom of the hierarchy. It also follows that these 'cancer stem cells', while likely to numerically represent only a minority of cells within the tumor, will constitute the key therapeutic target; any therapy that fails to eliminate these cells, irrespective of its efficiency against the bulk of the tumor, will leave the door open to relapse (see below).
The notion of stem or progenitor cells constituting preferential cellular targets for initiating mutations in cancer is attractive for two reasons. Firstly, these cells have intrinsically high selfrenewal capacity. Thus the molecular machinery that sustains self-renewal is presumably already active within these cells and The stem and progenitor cell basis of cancer. (a) Normal differentiation hierarchy with stem cells (purple) giving rise to progenitors (lilac) and more mature differentiated cells (blue). (b) Modelling a 'first hit' in cancer. Mutations that arise in stem cells (dark green) are maintained indefinitely due to the high intrinsic selfrenewal capacity of HSC. Mutations that occur in more downstream cells will persist as these cells have more limited self-renewal potential and are destined to die. The particular event shown on the right-hand side of the diagram occurs in a committed progenitor but could equally occur in a terminally differentiated cell. Note that the extent to which more differentiated forms carrying the first hit mutation are observed will depend on the extent to which the first hit mutation blocks further differentiation of the stem cell in question. (c) Stem cellbased differentiation hierarchy in cancer. A second hit mutation within a stem cell gives rise to a cancer stem cell with tumor-initiating potential. Although more differentiated cells within the cancer clone harbor the mutation, they lack the ability to re-initiate the tumor and as such cannot be considered to be cancer stem cells. While elimination of these more differentiated cells will ease the tumor burden, the tumor will reappear unless the cancer stem cell itself is eliminated.
Stem cell targeted in APL D Grimwade and T Enver could be easily hijacked or dysregulated to provide the unrestrained self-renewal that is an essential feature of cancer cells ( Figure 1 ). Achieving this in more differentiated cells that lack intrinsic self-renewal capacity would presumably be more difficult. Secondly, stem and progenitor cells are, in general, considerably more long-lived than their differentiated progeny. It stands to reason therefore that it is harder to accumulate the number of mutations required to develop a tumor in a shortlived cell than in a long-lived one. An exception to this argument would be if the initial mutation immortalized a cell which would then by definition have an extended lifetime during which it could accumulate cancer-associated or predisposing mutations. In many cases of adult AML, myelodysplastic syndromes and CML, one can make a reasonably cogent argument along the lines articulated above that a multipotent stem cell constitutes the initial target cell. Can this notion be extrapolated to all hematological malignancies? If one accepts that key features of a stem cell that make it a productive transformation target are its longevity and its self-renewal capacity, then in principle at least one could consider most blood cancers as being 'stem cell' diseases. For example, myeloma cells are end-stage cells of the B-lymphoid differentiation pathway. However, it is likely that the disease originates in and is sustained by clonogenic or memory B cells that (i) are long-lived, (ii) retain the potential to undergo extensive proliferation, or self-renewal, in response to antigen, and (iii) can differentiate into plasma cells. In principle, similar considerations may apply to malignant diseases involving cells from the T lineage.
Does the stem cell credo have broader currency beyond blood cell cancers? This line of argument may explain why neuroblastoma and rhabdomyosarcoma are diseases of childhood, since neural and muscle stem cells respectively are likely to be both more frequent and proliferating more in early development. The pattern of onset of diseases like Wilms tumor, which could represent the transformation of a developmentally restricted multipotent mesodermal progenitor, might also be explained in this way. Finally, it follows that cancers of adulthood would be most frequent in stem cell-based organ systems like the gut, liver, skin and other epithelial linings. The high frequency of carcinomas in adulthood would tend to favor this interpretation.
Cancer stem cells
Unambiguous identification of a cancer stem cell is provided by the demonstration of tumor-initiating potential in an appropriate fraction of tumor cells purified to homogeneity. Transplantation of human leukemic cells into immunocompromised murine models such as the NOD/SCID mouse has proved invaluable in identifying leukemia-initiating cells. 20, 21 Perhaps the best worked example is that of AML where Dick and co-workers 20 showed that only the CD34 þ CD38À fraction, which comprised from a 100th to a 1000th of the leukemia cells, had the capability of initiating an AML-like disease upon transplantation in the NOD/SCID model. More detailed analyses of the surface phenotype of these cells demonstrated further similarities with normal human stem cells. CD34 þ CD38 þ cells, as well as the CD34À fraction, which together constituted the bulk of the leukemic population, could not initiate tumors, although these populations did contain some progenitor cell activity, exhibiting in vitro clonogenic potential. Interestingly, analysis of AML cases of different FAB types revealed that despite the morphological differences, the NOD/SCID repopulating cells, which have subsequently been shown to be largely quiescent, 22 consistently resided within the CD34 þ CD38À fraction. 20 Furthermore, morphological differences were maintained in serial transplantation studies. This led to the conclusion that noncommitted progenitors are targeted in AML, with the intrinsic molecular lesion (eg expression of leukemia-associated fusion gene product) influencing lineage commitment, degree of differentiation block and hence the morphological characteristics. Thus an AML clone may be viewed as a differentiation hierarchy organized in a similar fashion to normal hematopoiesis and containing a stem, progenitor and more mature nonclonogenic population. This model squares with the cancer stem cell model of tumor heterogeneity -cancer stem cells represent the target cell in transformation and retain tumor-initiating function, with heterogeneity within the malignant population arising as a consequence of their differentiation.
Recent developments in understanding the stem cell biology of the breast coupled with the identification of breast cancer stem cells 23 encourage the view that the intimate relationship between tumor cells and stem cells seen in the blood system will also emerge as a key feature of solid tumors. Thus, a population of cells has been identified in both normal murine 24, 25 and human breast tissue 25 which has the characteristics of side population or SP cells. In other tissues such as blood, SP cells are enriched for stem cells. Similarly, using expression of the blood stem cell-associated marker gene Sca1, Rosen and co-workers 24 have enriched a population of transplantable murine mammary stem cells. Finally, Al Hajj et al 23 have examined the transplantability of human breast tumor samples using the NOD/SCID model. In these experiments, they identified a breast cancer stem cell population that has tumor re-initiating potential and that may be prospectively isolated using a combination of lineage depletion and FACS sorting for CD44 þ , CD24 lo/ negative cells.
Understanding the nature of progenitors subject to malignant change is not only important as a means of gaining information regarding the normal mechanisms of lineage commitment and differentiation and the processes leading to neoplastic transformation, but also, as already alluded to above, carries therapeutic implications. As far as leukemias are concerned, it is important to establish whether the transforming event occurs in primitive multipotent progenitors and whether a residual population of primitive normal stem cells remains that has the potential to repopulate the marrow after myeloablative therapy. For hematological malignancies in which multipotent progenitors are involved and in which there is no residual stem cell pool, conventional chemotherapy or transplantation approaches involving use of autologous stem cells are unlikely to be successful, and allogeneic transplantation which generates a 'graft-versus-leukemia' effect currently remains the sole treatment option available that is likely to be curative. Identification of the leukemia-initiating cell also has important implications for targeted therapeutic approaches, since failure to eliminate residual disease in the leukemia repopulating fraction could lead to subsequent relapse. Moreover, it is worth bearing in mind that leukemia-initiating cells may differ from their more differentiated progeny, which form the bulk of the disease burden, in terms of susceptibility to various treatment modalities. This could reflect differences in gene expression profile and/or functional characteristics including cell cycle status that render them relatively resistant to therapy. For example, immune-directed therapeutic approaches could be hampered by lack of expression of appropriate target molecules, for example CD33. Furthermore, investigation of the characteristics Stem cell targeted in APL D Grimwade and T Enver of normal human multipotent hematopoietic progenitors and leukemia-initiating cells has revealed a number of similarities. This suggests that the latter could be inherently resistant to induction of apoptosis by various agents due to expression of proteins functioning as multidrug efflux pumps, or promoting cell survival such as BCL2. 26, 27 Indeed, recent studies have revealed that cases of CML harbor a population of BCR-ABLpositive quiescent stem cells that are resistant to treatment including targeted therapies such as imatinib. 28 This could very well account for the prolonged evidence of residual disease at the molecular level in the majority of patients treated with this agent (reviewed in Hochhaus 29 ). While lack of sustained response or relapse could reflect relative insensitivity of cancer stem cells to conventional therapy, it nevertheless seems likely that improved characterization of cancer stem cells could yield substantial advantages potentially affording the opportunity for more precise targeting of therapy, eliminating tumors at source. Success of this strategy could also entail substantial reductions in treatment-related toxicity.
Thus the cancer stem cell concept provides a useful framework for thinking about the biology of many types of cancer and has implications for how they might best be treated. How then does APL fit within this framework? Of particular interest in this respect is a transplantation study performed by Dick and coworkers 20 where the behavior of primary APL cells appeared to be distinct from other forms of AML. These workers observed failure of engraftment in NOD/SCID mice in each of the three patient samples that they examined. This led the investigators to draw the conclusion that APL may be a highly distinct subtype of AML that arises in committed progenitors as opposed to multipotent stem cells.
The case for APL arising in committed myeloid progenitors
The proposal that APL arises in committed progenitors has been supported by a number of lines of evidence. Most persuasively, investigation of clonality and PML-RARA expression status of purified bone marrow subsets in a series of three cases of APL suggested that the leukemic clone arose in CD34 þ CD38 þ progenitors, with no evidence of involvement of the more primitive CD34 þ CD38À cell population. 30 Furthermore, a number of mouse models of APL have been established using promoters that are switched on relatively late in myeloid development, that is, MRP8 and cathepsin G. [31] [32] [33] [34] [35] Whereas high-level ubiquitous expression of PML-RARa using the b-actin promoter was found to induce embryonic lethality, 33 transgenic approaches suggested that the range of progenitors subject to transformation by the PML-RARa fusion is somewhat restricted (reviewed in Westervelt and Ley 35 ). Expression of PML-RARA under the control of CD11b regulatory elements, leading to expression in myelocytes and mature neutrophils, did not give rise to APL. 36 Similarly, no leukemias resulted from targeting fusion gene expression to very early progenitors using c-fes (reviewed in Westervelt and Ley 35 ). However in the latter study, expression of PML-RARa in the hematopoietic compartment was not clearly detected at the protein level; hence, it remains a possibility that expression levels were not comparable to those associated with disease in man, thereby accounting for the disappointing result. An alternative experimental approach, using mathematical modelling based on population-based leukemia registry data to address the number of oncogenic steps to the development of APL, also predicted that a committed progenitor was the target of the rate-limiting step for leukemogenesis, with a translocation involving RARA being considered the most likely candidate. 37 The case against APL arising in committed myeloid progenitors While there are a number of lines of evidence supporting a transformation event at the level of committed myeloid progenitors, some experimental evidence is very difficult to reconcile with such a hypothesis. In particular, immunophenotypic characterization of primary APL blasts has revealed some highly atypical expression profiles. A proportion express CD34 (approximately 25%), and intriguingly for what is considered the most differentiated form of AML, a significant number express the natural killer (NK) cell-affiliated marker CD56 (approximately 15%), the B-cell marker CD19 (approximately 15%) and T-lineage-affiliated glycoprotein CD2 (approximately 25%). [38] [39] [40] Furthermore, it has been confirmed that surface positivity for CD2 is a reflection of the respective mRNA expression level, rather than modulation of surface receptor, with levels in CD2-positive APL being comparable to those detected on normal resting T cells. 41, 42 The expression of CD34 and lymphoid markers in APL is associated with the hypogranular variant form of the disease, bcr3 PML breakpoint and higher presenting leukocyte count. 38, 41, 43, 44 The mechanism accounting for aberrant expression of lymphoid markers in AML still remains obscure and has been a matter of debate for over two decades. According to the 'lineage infidelity' model, 45 this phenomenon is a consequence of deregulation of lineage-affiliated genes occurring during the process of leukemic transformation, whereas, according to the 'lineage promiscuity' model, 46 coexpression of myeloid and lymphoid markers reflects the immunophenotype of the progenitor population subject to leukemic transformation which is perpetuated in the leukemic progeny. In order to gain further insights into mechanisms underlying coexpression of the Tlineage-affiliated CD2 gene in AML, a recent study investigated long-range chromatin structure surrounding the CD2 locus by DNase I hypersensitivity assay in primary APL blasts. 42 The majority of cases examined were the hypogranular variant form of APL and in each case the CD2 locus was found to lie within an open chromatin environment, irrespective of the CD2 status at the cell surface. Given that previous studies have suggested that in early hematopoietic progenitors, multiple lineageaffiliated genes lie in an open chromatin configuration poised for transcription, 47 it is possible that the results obtained in primary APL blasts could be indicative of the long-range chromatin configuration surrounding the CD2 locus in the progenitors targeted by the PML/RARA rearrangement. Recent studies that have considered the gene expression profiles of highly selected murine bone marrow progenitor populations suggest that myeloid and lymphoid genes are coexpressed in multipotent progenitors prior to lineage commitment. 48, 49 The process of myeloid commitment is correlated with progressive silencing of lymphoid-and NK-affiliated genes such that only myeloid and erythroid genes are expressed in common myeloid progenitors (CMPs). Conversely, lymphoid commitment sees a progressive silencing of myeloid genes, such that only B-, T-and NK-lineage-affiliated genes are expressed in common lymphoid progenitors (CLPs). If this widely accepted model of hematopoietic lineage commitment and differentiation is indeed correct, the 'lineage promiscuity' model would imply that some cases of APL arise in progenitors that have not undergone lineage restriction (see Figure 2a) .
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Interestingly, a recent study sought to address the nature of the progenitors subject to leukemic transformation by fusion genes involving MLL which is disrupted by translocations involving 11q23 and which are variably associated with AML, acute lymphoblastic leukemia (ALL) or mixed lineage leukemia. Using MLL-GAS7 which is generated by the t(11;17)(q23;p13) as a model, So et al 50 convincingly showed that the leukemic phenotype generated by a single fusion gene is highly dependent on the nature of the progenitor targeted. Transformation of hematopoietic stem cells and multipotent progenitors induced AML, ALL or biphenotypic leukemia in in vivo models, whereas transformation of CMPs or CLPs gave rise solely to myeloid or lymphoid colonies, respectively. 50 These data provide further support for the 'lineage promiscuity' hypothesis, whereby the immunophenotype of leukemic blasts is largely a reflection of their cell of origin. Indeed, Edwards et al 51 have demonstrated the presence of the PML-RARA fusion by fluorescence in situ hybridization (FISH) within the majority of cells residing within the CD34 þ CD38À fraction in two cases of CD2-positive hypogranular variant APL. Taken together, these data suggest that a significant proportion of APL cases arise in more primitive progenitors than previously considered to be the case.
Clues to the origins of APL gained from understanding the activity of the PML-RARa oncoprotein
The functional activity of the APL-associated fusion proteins themselves also provides clues as to the likely nature of the hematopoietic progenitors that are subject to leukemic transformation. If APL is actually to arise in late myeloid progenitors that under normal circumstances have limited self-renewal capacity, it is clear that the fusion proteins generated by 17q21 rearrangements themselves or other associated 'second hits' must impart such characteristics. Experimental approaches to targeting expression of X-RARa proteins to human cellular fractions enriched for CMPs or more mature myeloid progenitors and determining their impact on self-renewal, proliferation and differentiation are fraught with difficulties and hence there are no published data. However, in the murine system, transgenic animals have been generated in which APL-associated fusion genes are expressed under the control of promoters that are expressed at the promyelocyte stage and even later in myelopoiesis. A number of groups have used a human cathepsin G (hCG) minigene to drive myeloid-specific expression of APLassociated fusion genes, including PML-RARA, PLZF-RARA and NPM-RARA. In each of these models, myelopoiesis was deregulated leading to an expansion in the myeloid compartment and increased colony formation, which in some lines was correlated with a myeloproliferative disorder with an incomplete block in myeloid differentiation. 13, 32, 33, 52 Expression of PML-RARA under the MRP8 promoter induced a shift from mature neutrophilic cells to more immature cells with a small increase in promyelocytes and enhanced cell survival following growth factor deprivation. 31 A common feature of these models was that the frequency of APL development was relatively low (less than 30%) and invariably followed a long latency period. This led to the proposal that X-RARa proteins are insufficient in their own right to mediate the pathogenesis of APL, but nevertheless play a critical role in determining disease characteristics, particularly with regard to the response to RA and arsenic trioxide. Evidence supporting a requirement for 'second hits' in the pathogenesis of APL has been provided by the frequent observation of chromosomal aberrations at the point of leukemic transformation in PML-RARa mouse models 53, 54 and the increased penetrance of the leukemic phenotype in PMLRARa transgenic mice in the presence of the reciprocal fusion product RARa-PML, FLT3 ITD or BCL2 overexpression. 
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Figure 2
Potential target cell populations for the PML-RARA fusion in APL, in the context of normal hematopoietic differentiation pathways. (a) Hematopoietic differentiation pathway according to the model developed by Weissman and co-workers. 48 In the context of this scheme, evidence to date suggests that AML generally arises in the CD34 þ CD38ÀCD71ÀThy1À cell fraction, which includes early hematopoietic progenitors prior to lineage commitment. 20, [63] [64] [65] Potential points at which PML-RARA could arise leading to induction of the APL phenotype are indicated by red arrows. According to this widely accepted model for the major hematopoietic differentiation pathways, one would predict that APL cases expressing lymphoid markers arise in multipotent progenitors, prior to lineage commitment, whereas in cases of APL lacking such markers, the t(15;17) could arise in myeloid committed cells equivalent to CMP, which expresses CD34. (b) Hematopoietic differentiation pathway according to the model recently proposed by Katsura and co-workers, 74, 75 which is based on analysis of hematopoiesis in murine fetal liver and postulates the existence of a range of distinct progenitor populations including those with myeloid and lymphoid differentiation potential. If these populations are shown to exist in human marrow and are permissive to transformation by the t(15;17), it could account for conflicting data regarding lineage involvement in APL as well as the phenomenon of lymphoid antigen expression, which occurs in over a quarter of cases. 
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Moreover, coexpression of the reciprocal RARa-PLZF fusion in PLZF-RARa transgenic mice transformed the phenotype from a myeloproliferative disorder into a disease more reminiscent of APL. 59 Despite these data, the promyelocyte, which is a cell with limited proliferative potential and no self-renewal capacity, seems an unlikely target for transformation by APL-associated chromosomal translocations in man. Although it has been proposed that expression of the PML-RARA fusion under hCG and MRP8 promoters enhanced the survival of hematopoietic progenitors and may induce genomic instability, which together predispose to the acquisition of additional oncogenic events triggering leukemic transformation, it could be argued that the lesions found to cooperate with PML-RARa expressed at the level of promyelocytes are merely bestowing properties upon the targeted cells such as a proliferative response (FLT3 ITD) or favoring 'self-renewal' (BCL2, FLT3 ITD) that are characteristics already held to varying degrees by more primitive progenitors. A significant contributing factor to the prolonged latency period and low penetrance of current transgenic mouse models of APL may reflect the targeting of progenitors that may be much later than those in which APL-associated translocations are transforming in man. Indeed, it remains a possibility that the development of APL in these transgenic mouse models could be the result of leaky expression of the transgene in earlier progenitors, but the level and stage specificity of expression do not precisely match the pattern mediating the human disease.
Two recent studies support the notion that the APL-associated translocations arise prior to the promyelocyte stage. Minucci et al 60 transduced purified murine linÀ hematopoietic progenitors with retroviral vectors carrying the PML-RARA fusion, which led to increased proliferative potential and impaired the ability to undergo terminal myeloid differentiation in vitro. Moreover, inoculation of transduced linÀ cells into syngeneic irradiated mice gave rise to a disease reminiscent of hypogranular variant APL in terms of clinical features and retinoid sensitivity in the majority of animals (480%) associated with a short latency period (median 4 months). The leukemic blasts expressed CD34, were intensely positive for Sudan black, but were relatively agranular and lacked Auer rods by MayGrü nwald-Giemsa stain. Although this mouse model was characterized by high penetrance and short latency in comparison to pre-existing transgenic models (see above), the lack of gross abnormalities in preleukemic marrow together with monoclonality or oligoclonality as determined by characterization of viral integration sites in some tumors still points to a requirement for additional 'oncogenic hits' for the pathogenesis of APL in the murine system. 60 Nevertheless, an earlier study revealed that the PML-RARA fusion when expressed under the control of retroviral vectors in early human hematopoietic progenitors (CD34 þ linÀCD71À) exhibits a number of properties that are pertinent to the development of the APL phenotype. 61 Expression of PML-RARa led to a rapid induction of progenitor differentiation to the promyelocyte stage, followed by an RA-responsive maturation block. Furthermore, irrespective of the hematopoietic growth factor stimulus, there was a differentiation bias toward the granulocytic lineage, implying a PML-RARa-mediated switch in lineage programming. Expression of PML-RARa was found to render hematopoietic progenitors resistant to apoptosis induced by hematopoietic growth factor withdrawal. The central role of transcriptional repression induced by the PML-RARa fusion protein in mediating the biological characteristics of APL was highlighted by the lack of impact of PML-RARa harboring a mutation in the N-CoR binding site on hematopoietic lineage commitment or myeloid differentiation. Overall, these experiments support the notion that the leukemogenic event in APL could occur in early progenitors. However, Grignani et al found that PML-RARa did not alter the proliferation/differentiation program of Dexter type 12-week extended long-term culture initiating cells (LTC-IC), 61 representing stem cells 62 suggesting that the progenitors targeted in APL lie at a distal stage in the differentiation pathway. 61 
Summing up
Many different experimental approaches have been adopted in an attempt to determine the nature of hematopoietic progenitors subject to leukemic transformation. As far as most forms of AML are concerned, all data available point to transformation at the level of primitive CD34 þ CD38ÀCD71ÀThy1À hematopoietic progenitors prior to lineage commitment. 20, [63] [64] [65] However, the nature of the normal hematopoietic counterparts that are the target of chromosomal translocations in APL has been a matter of some debate. A widely held view is that APL arises at the level of myeloid-committed progenitors. This is based on experimental findings undertaken on primary leukemic cells taken from a very limited number of patients (less than 10) and the development of APL (albeit at low penetrance and long latency) in transgenic mouse models utilizing regulatory elements leading to fusion gene expression at the promyelocyte stage. However, a number of other studies using similar techniques have yielded contradictory results, which point toward APL arising in more primitive progenitors.
With respect to studies that have used primary patient material to investigate the origins of APL, evidence supporting the case that it arises from committed progenitors is based to a considerable degree on the study by Turhan et al. 30 These investigators analyzed clinical material derived from three patients, finding the leukemic clone to be restricted to the myeloid lineage, with expression of PML-RARA being detected in the CD34 þ CD38 þ cell population, but not in the more primitive CD34 þ CD38À subset. 30 A subsequent study, which employed morphological analysis in conjunction with the FICTION technique, combining FISH and immunophenotype analysis, was in accordance. 66 In each of the six cases of hypergranular APL examined, which all happened to lack expression of lymphoid-affiliated antigens, the PML-RARA fusion was restricted to the myeloid lineage, with no evidence of involvement of erythroblasts, plasma cells, or B or T lymphocytes. 66 Similarly, the t(15;17) was found to be restricted to the granulocytic series in an earlier study that utilized the MAC method (morphology-antibody-chromosomes). 67 However, two further studies yielded results with quite different implications regarding the origins of APL. In particular, Takatsuki et al 68 detected PML-RARA mRNA in BFU-E in 2/5 cases examined. Unfortunately, precise characteristics of the patients studied in terms of morphological and immunological features were not provided; however, these findings could place the transformation event upstream of CMP in some cases of APL, according to current models of hematopoietic differentiation (see Figure 2a) . Similar conclusions were reached by Edwards et al, 51 who detected the PML-RARA fusion by FISH not only in the CD34 þ CD38 þ population in accordance with Turhan et al, 30 but also in CD34 þ CD38À cell progenitors. The differences in the experimental findings between the studies reported by Takatsuki et al and Turhan et al could potentially be ascribed to any number of reasons including possible differences in the sensitivity of RT-PCR assays, or lack of purity of the cell populations sampled for PCR analysis. However, the demonstration of the PML-RARA fusion by FISH in the majority of the Stem cell targeted in APL D Grimwade and T Enver CD34 þ CD38À cell population (490%) in two cases with M3v 51 provides strong evidence that APL arises in early progenitors in at least a proportion of cases. Moreover, since promyelocytes do not express CD34, it seems highly improbable that APL arises in myeloid progenitors that have differentiated beyond the granulocyte-monocyte precursor (GMP) stage, in which CD34 is still expressed (see Figure 2a) . Indeed cases of hypergranular M3 that may be considered to represent the most differentiated form of the disease, which are CD34 negative according to conventional immunophenotype criteria, have nevertheless been shown to harbor the PML-RARA fusion in the majority of CD34 þ cells. 66 This is consistent with the existence of a hierarchy in APL as well as other subsets of AML. 20 Furthermore, it would suggest that the current transgenic models of APL may not be successfully targeting expression of PMLRARa at an appropriate level to the progenitors that are subject to leukemic transformation in man.
The other key line of evidence supporting the hypothesis that APL arises from committed myeloid progenitors was the lack of engraftment of primary APL blasts derived from three patients in NOD/SCID mice, as distinct from other subsets of AML that consistently engrafted. 20 However, this has not proved to be a consistent finding; indeed using a similar model, Ailles et al 21 detected engraftment in 3/5 APL cases examined, although levels of human cells at 8-weeks post-inoculation were significantly lower (mean 1.8%) in comparison to other subsets of AML, particularly those with adverse karyotypic features (mean 20.5%). Again, these data support the occurrence of the leukemia-initiating event in an early stem cell, at least in a subset of APL cases. The low levels of engraftment observed at 8 weeks suggest that NOD/SCID leukemia-initiating cells, that is, the leukemic stem cell pool, may be reduced in APL and/or that rates of proliferation and differentiation into more mature progeny are lower than in other subsets of AML. This does not seem unreasonable given the frequency with which APL cases present with leukopenia with few leukemic cells detectable in the peripheral blood.
Reconciliation and speculation
While at first glance it would appear that the reported studies are providing conflicting information regarding the stem cell targeted in APL, it is important to take into account the fact that sample sizes in all studies carried out to date have been small. As such, they cannot be expected to have encompassed the biological heterogeneity within the disease entity of APL, particularly with regard to morphological and immunophenotypic features. Moreover, the disparate experimental findings are readily reconciled if one considers that a range of hematopoietic progenitors may be permissive for the PML-RARA fusion, which include multipotent as well as myeloid committed progenitors (see Figure 2a) . It is possible that targeting the latter population may give rise to classical hypergranular APL, which is a clinically less aggressive disease characterized by low presenting leukocyte count, bcr1 PML breakpoint and lower rates of FLT3 mutation (Figure 3) . Whereas, data derived from a variety of experimental approaches suggest that the hypogranular variant form of APL may arise in much earlier progenitors; such cases have been shown to harbor the PML-RARA fusion in the CD34 þ CD38À cell fraction and coexpress lymphoid-affiliated antigens (see above). Interestingly, expression of PML-RARA in CD34 þ linÀ hematopoietic progenitors in mice yields a leukemia reminiscent of hypogranular variant APL. 60 Nevertheless, there remain a number of areas of uncertainty. Of particular interest are the origins of APL cases expressing lymphoid-affiliated markers. According to the commonly accepted model of hematopoietic lineage commitment and differentiation, these features are consistent with transformation prior to myeloid specification (Figure 2a) . However, recent studies have revealed some degree of plasticity within primary committed progenitors. 69, 70 These and related data have been reviewed by Graf, 71 and in the case of APL it may be particularly pertinent to consider the possibility that leukemogenic, transcriptional deregulation of the myeloid-affiliated regulator CEBPa might result in lymphoid to myeloid switching. Along these lines, the documentation of T-lineage-affiliated chromatin features in APL 42 and the observation that PML-RARa exerts lineage-altering properties 61 raises the interesting possibility that even T-lineage progenitors could be potential targets in APL. Indeed, the U937 cell line, which harbors the CALM-AF10 fusion which is associated with acute undifferentiated leukemia and T-ALL, 72 is one of the few cell lines to tolerate the PML-RARA fusion. 73 Furthermore, application of a novel clonal assay that enables determination of myeloid, erythroid, B-and Tlymphoid potential of progenitor populations to investigate pathways involved in fetal hematopoiesis 74 has called into question the commonly accepted hematopoietic differentiation pathway (reviewed in Katsura 75 ). This assay supports the existence of common myeloid/lymphoid progenitors, which give rise to myeloid/B and myeloid/T populations (see Figure 2b ). If such progenitor populations are indeed represented in human bone marrow and are permissive for the PML-RARA fusion, it could explain the disparate immunophenotypic features observed in APL, thereby lending further support to the 'lineage promiscuity' model 46 to account for aberrant expression of lymphoid-affiliated antigens in AML. Furthermore, it would provide an explanation for the somewhat conflicting data regarding the lineages involved in the disease.
While it seems highly plausible that a variety of hematopoietic populations are permissive for the PML-RARA fusion on the basis of published data, the development of full-blown APL appears to be dependent upon the acquisition of a variable number of additional mutations. It will be interesting to determine to what extent the nature of the progenitors targeted
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Figure 3
Hypothesis: clinical and biological characteristics of APL may vary according to the stem cell targeted. APL cases with hypogranular variant morphology (M3v) are typified by hyperleukocytosis and are associated with bcr3 PML breakpoint, activating mutations of FLT3 and coexpression of lymphoid antigens. Cases with hypergranular APL (M3) typically present with leukopenia, have a higher frequency of bcr1 PML breakpoint, more commonly have wildtype FLT3 and typically lack lymphoid markers. This raises the possibility that these distinct subsets of disease might be determined by the nature of the progenitor subject to leukemic transformation. LT-HSC, long-term hematopoietic stem cells; MPP, multipotent progenitors; CMP, common myeloid progenitor; GMP, granulocyte/monocyte restricted progenitors.
Stem cell targeted in APL D Grimwade and T Enver dictate the nature and number of additional hits necessary to mediate the leukemic phenotype, or indeed influence the biological characteristics including response to therapy. There is an intriguing correlation between PML-RARa isoform, FLT3 ITD and morphological features, [76] [77] [78] ( Figure 3 ) and it will be interesting to dissect out to what extent the morphological features and leukocytosis associated with M3v reflect the targeting of a more primitive progenitor and/or the expression of the short isoform of PML-RARa or presence of activating mutations of FLT3. This raises even more fundamental questions regarding the mechanisms by which APL-associated translocations arise in the first place and whether distinct subsets of progenitors have differing propensities to the development of particular chromosomal breakpoints. It will be interesting to try to determine whether the nature of the stem cell influences the likelihood of breakpoints occurring in particular genomic hotspots or whether only certain subtypes of fusion protein are transforming in particular subsets of cells. Although seemingly esoteric, addressing these questions is likely to improve substantially our understanding of basic hematopoiesis as well as the processes involved in leukemic transformation.
Note added in proof
A further twist to the tale is provided by a very recent study from Lane and Ley, 79 in which they provide evidence that proteolytic cleavage of the PML-RARa fusion protein by neutrophil elastase is important for the development of APL in mice expressing PML-RARA under the cathepsin G promoter. These findings are consistent with the putative target progenitors for the t(15;17) proposed in Figure 2 , with PML-RARa conferring a survival advantage and promoting differentiation along the myeloid lineage. In addition, Lane and Ley's study suggests that as cells progress towards the promyelocyte stage, neutrophil elastase is upregulated leading to cleavage of PML-RARa contributing to leukemic transformation. It will be interesting to determine the implications of these findings for the pathogenesis of APL in man given that the preferential cleavage sites lie within regions encoded by PML exon 5 which is commonly subject to alternative splicing in primary patient samples. The nature of proteolytic cleavage appears to be distinct between bcr1 and bcr3 PML-RARa isoforms; 79 as to whether this influences morphological and biological features encompassed within the spectrum of acute promyelocytic leukemia (Figure 3) remains to be established.
